ABSTRACT Experiments were performed (1) to quantify reflex movements and volume uptake of physiological salt solution by the cloaca and (2) to evaluate the conditioned cloacal uptake of fluorescein-labeled polystyrene. In experiment 1, measurements were done on birds (n = 12) once a day at 3, 4, and 5 d of age and during 5 consecutive days at wk 3, 5, 7, and 9 of age. The reflexes and volume uptake after applying saline droplets were studied simultaneously during 30 s. The median number and range of reflexes per 30 s during the first week of age were 45 (28 to 54), at 3 wk 35 (18 to 52), at 5 wk 44 (27 to 60), at 7 wk 47 (32 to 61), and at 9 wk 44 (23 to 56). The median volume uptake and range in wk 1, 3, 5, 7, and 9 were 0.10 (0.05 to 0.30), 0.25 (0.05 to 0.60), 0.58 (0.25 to 1.15), 1.05 (0.50 to 2.25), and 1.15 (0.30 to 3.05) mL per 30 s, increasing significantly with time. In experiment 2, a solution containing 10 7 polystyrene beads/mL was applied to the cloaca of broilers (3 aged 2 wk and 3 aged 9 wk) during 30 s. Most beads were found in the bursa of Fabricius. In the bursal lumen, a median of 10 6.43 beads/mL was found; the median number found in the follicular tissue was 5 (range 3 to 38) beads per tissue section. In the lumen content of ileum, cecum, and rectum of all birds together, it was 10 5.87 , 0, and 10 6.32 beads/ ml, respectively. Polystyrene beads were never found intramuraly.
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Cloacal reflexes and uptake of fluorescein-labeled polystyrene beads in broiler chickens

INTRODUCTION
The cloaca of chickens and turkeys show a typical sucking movement whenever some fluid is dripped onto the cloacal lips. Also, touching or blowing against them evokes this movement described as the cloacal reflex. The subsequent uptake of fluid-particles applied to the cloacal lips has been referred to as cloacal drinking. This phenomenon was first described by Allison (1943) and later by Schaffner et al. (1974) and Sorvari et al. (1975) . The latter authors performed the first studies suggesting that antigenic challenge of the bursa through cloacal drinking leads to an effective antibody response. He applied SRBC and killed Brucella abortus organisms to the cloacal lips of 6-wk-old White Leghorns, which yielded high specific serum antibody titers. A similar experiment was performed in birds of different ages and showed that there was a relation between the efficiency of the immune response and the age of the chickens (Sorvari and Sorvari, 1977) . Effective development of immunological memory with minimal or no immediate production of antibodies was induced in 4-to 6-wk-old chickens after cloacal administration of human serum albumin (Hughes and Henderson, 1977) . In another study, turkeys were immunized after application of BSA to the cloacal lips. Bovine serum albuminstimulated antibody production was limited to lymphoid cells in bursa of Fabricius and in the cecal tonsils (Burns, 1980) . More recently, de Azevedo described an increase of the bursal follicular medullary compartment in White Leghorns intracloacally inoculated with the human pathogen Bordetella pertussis (de Azevedo and Betti, 1993) .
Later, experimental vaccinations through the cloacal route have been performed against Pasteurella multocida (Schlink and Olson, 1987) and infectious bronchitis virus, suggesting that cloacal drinking could be interesting as an alternative vaccination route. The first to show the efficiency of vent vaccination were Hudson and Beaudette (1933) using infectious laryngotracheitis virus.
An early radiographic study on the urine flow in the domestic fowl (Akester et al., 1967) showed retrograde movement of barium sulfate applied to the cloacal lips from the coprodeum into the colon and ceca. It confirmed the existence of cloacal drinking and suggested that the cloaca might act as a porte d'entrée for bacteria, viruses, and parasites.
Although, as mentioned previously, scientific evidence demonstrating that the cloacal route can act as an efficient infection route is limited, the number of manuscripts evidencing successful infections via the cloaca is increasing. Cloacal drinking has been proposed to play an important role in the horizontal transmission within turkey flocks of the amoeboid-like parasite Histomonas meleagridis (Hu and McDougald, 2003; Hu et al., 2004) . However, cloacal drinking seemed of lesser importance in the lateral spread of this parasite in chickens (Hu et al., 2006) . The cloacal drop method has also been successfully used to infect chickens with larval trematode parasites (Allison, 1943) . Further, effective experimental colonization of broiler chickens through the cloacal route has been described for Campylobacter jejuni (Shanker et al., 1988; Buhr et al., 2005; Cox et al., 2005) and Salmonella Enteritidis, Salmonella Typhimurium, and Salmonella Montevideo . Also, intracloacal inoculation of Escherichia coli in turkey poults giving rise to mild catarrhal bursitis has been described (Hoskins and Cheville, 1979) .
Despite the above-mentioned studies, which suggest an important role for the cloacal route in the transmission of several pathogens and as a possible administration route for vaccines, no data are available on the quantitative uptake of fluid and particles through the cloacal reflex. In the present work, the number of cloacal reflexes, the volume uptake of physiological salt solution, and the uptake of fluorescein-labeled polystyrene beads were assessed.
MATERIALS AND METHODS
Experimental Birds and Housing
Fertile eggs were obtained from a commercial flock of broiler parent chickens (Ross). The eggs were incubated and hatched at the Department of Poultry Diseases, Faculty of Veterinary Medicine, Utrecht, the Netherlands. Further, 2-wk-old broiler chickens were obtained from a commercial flock of broiler chickens (Ross). The birds were fed ad libitum with a standard commercial layer rearing pullet diet containing 12.74 MJ/kg of ME to control weight gain and had free access to drinking water. Light was supplied for 12 h every day. The experimental birds were housed in floor pens with wood shavings as litter and were kept at temperatures following the recommendations of the breeder. To link data to individual birds, all chickens were given unique numbers using tags (SwiftTack, Heartland Animal Health, Fair Play, MO). The birds were vaccinated against Newcastle disease at 14 d of age with Nobilis ND Clone 30 (Intervet Nederland BV, Boxmeer, the Netherlands) by spray vaccination. The chickens were housed, handled, and treated following approval by the Institutional Animal Experimental Committee in accordance with the Dutch regulations on experimental animals.
Experimental Design
Experiment 1. Quantitative Study on the Number of Cloacal Reflexes and the Volume Uptake of Physiological Salt Solution. Twelve-day-old chicks were given 2 d to become acclimatized before starting the experiment. Measurements were done on all birds once a day at the age of 3, 4, and 5 d. Subsequently, the same measurements were repeated during 5 d (Monday through Friday) at wk 3, 5, 7, and 9 of age. Before the measurements, all experimental birds were withdrawn from feed during 12 h. A quarter of an hour before starting the experiments, the chickens were given free access to feed. Birds were held upside down while the feathers around the cloaca were moisturized with sodium saline solution to enable a good view of the cloaca before starting the experiment. Each measurement lasted 30 s and started after depositing a droplet of saline on the cloacal lips and once the first cloacal reflex was observed. As soon as the first saline droplet was taken up, another droplet was instilled if less than 30 s had passed, and so on. The number of cloacal reflexes and volume uptake were recorded as well as the number of drops that were spilled during the experiment. The last drop that remained on the cloacal lips after 30 s was not included in the calculations. To minimize stress, the measurements were done in the floor pens close to the flock mates. After each measurement, the birds were individually weighed.
Experiment 2. The Conditioned Cloacal Uptake of Fluorescein-Labeled Polystyrene Beads. This experiment was performed exactly as in experiment 1; however, the droplets given during the 30-s experimental period contained fluorescein-labeled polystyrene beads and not saline. A total of 6 broiler chickens, which were subjected to a controlled fluorescein-labeled polystyrene bead uptake at the age of 2 (n = 3) and 9 (n = 3) wk, were used. Fifteen minutes after instilling the polystyrene beads, the chickens were injected in the vena ulnaris with scopolamine butylbromide and metamizol sodium (Buscopan compositum, Boehringer Ingelheim BV, Ingelheim, Germany) to inhibit intestinal peristaltism and shortly thereafter killed with embutramide and mebezonium iodide (4 mL/50 kg of BW, T-61 Intervet Nederland BV) administered i.v. also. The duodenum, ileum, ceca, and the bursa of Fabricius were excised. These organs and the same of control birds were snap-frozen at −196°C in liquid nitrogen and stored at −20°C for further analysis. After each measurement before euthanasia, the birds were individually weighed.
Control Birds of Experiment 2.
A negative and a positive control bird for each age (2 and 9 wk) were included in experiment 2. The positive control chickens were killed; subsequently, the ileum, cecum, and rectum were excised and closed on both sides with a ligature. Then, a syringe was placed through both ligatures and 0.1 mL of inoculum containing fluorescein-labeled polystyrene beads was injected. To ensure good distribution of the inoculum, the intestinal segments were carefully massaged. The bursa was also inoculated with the same suspension (0.2 mL) as that for the intestines; however, this was done before placing the ligature and separating the bursal stalk from the rectum. For the intestinal segments, a second ligature was placed at 1.5 cm from both ends before excising the samples. The negative control birds were also killed together with the other birds and their organs were likewise examined for the presence of fluorescein-labeled polystyrene beads.
Inocula
Experiment 1. The inoculum used consisted of droplets of a sodium salt solution (0.9% wt/vol) with a volume of 0.05 mL each.
Experiment 2. The inoculum used consisted of droplets of a distilled water solution containing 10 7 fluorescein-labeled polystyrene beads/mL (FluoSpheres polystyrene microspheres, 1.0 μm, yellow-green fluorescent 10 10 beads/mL, F-13081, Invitrogen, Breda, the Netherlands).
Counting of Fluorescein-Labeled Polystyrene Beads in Tissue Sections
Tissue samples were submersed in nitrogen liquid immediately after excision and stored at −20°C. Cryosections made at −20°C were 7 μm thick and stained with Mayer's hematoxylin before assessment under a fluorescence microscope. Fluorescein-labeled polystyrene beads were counted at magnification ×250 for intestine tissue and ×160 for the bursa of Fabricius. To accurately perform the countings, a grid superimposed to 1 ocular and a scale slide with well-defined dimensions was used. The dimensions of the grid and the thickness of the slide were used to calculate the average number of labeled beads per milliliter of intestinal and bursal content. The number of grids where beads were counted varied according to the size of the tissue section. If the average number of beads found in a section was <1, the average number of beads per milliliter of intestinal and bursal content could not be calculated. Moreover, the number of beads at the periphery of the sections (suggesting contamination during the cutting process) was also counted. Finally, the number of beads found inside follicles of the bursa of Fabricius (suggesting active uptake of beads) was registered.
Statistics
The number of cloacal reflexes was analyzed using the Poisson model with the factors week and days (1 and 3) within a week as the explanatory variables and the chicken as random effect to model the correlation between the observations within every chicken. The volume was modeled using a linear mixed effects model (Pinheiro et al., 2005) with the factors week number and day (1 and 3) and continuous variable metabolic weight within the week as explanatory variables and chicken as random effect to model the correlation between the observations within each chicken. Also, the interaction between week and day was added to the model. The volume was log-transformed to obtain a normal distribution. A variance model with a different variance per week was added to the model because the variance increases in time. Akaike's information criterion (AIC) was used to select the best model. The statistical analyses were performed with the software program R version 2.2.0 (R Development Core Team, 2008).
RESULTS
Experiment 1. Quantitative Study on the Number of Cloacal Reflexes and the Volume Uptake of Physiological Salt Solution
The cloacal reflex was detected consistently in all birds during the whole experimental period. Taking the data of all birds together, the median number of reflexes per 30 s and the range during the first week were 45 (28 to 54), at 3 wk of age 35 (18 to 52), at 5 wk of age 44 (27 to 60), at 7 wk of age 47 (32 to 61), and finally at 9 wk of age 44 (23 to 56). The lowest number of reflexes found during the experiment was 18 per 30 s, whereas the highest number was 61 for the same time slot (Figure 1) .
Regarding the cloacal reflexes of individual chickens, the average number of reflexes in wk 3 and 7 differed significantly from the first week. Those of wk 3 were 0.74 [95% confidence interval (CI): 0.68 to 0.81] times the number of reflexes counted in the first week, whereas the reflexes recorded in wk 7 were 1.11 (95% CI: 1.02 to 1.20) times those of wk 1. The comparison of the cloacal reflexes of all weeks with those of wk 1 is outlined in Table 1 .
The median volume uptake and range in wk 1, 3, 5, 7, and 9 was 0.10 (0.05 to 0.30), 0.25 (0.05 to 0.60), 0.60 (0.25 to 1.15), 1.05 (0.50 to 2.25), and 1.10 (0.30 to 3.05) mL per 30 s, respectively (Figure 2) . Volume uptake by the cloacal reflex as calculated in 30 s increased significantly with time as measured per 2-wk intervals compared with the first week. The increase in the volume uptake was less pronounced in wk 9. The increase in volume uptake per week compared with wk 1 has been outlined in Table 2 . On average, there was an increase of 20% [factor 1.2 (95% CI: 1.1 to 1.3)] in volume uptake between the first and third day within a week.
The metabolic weight was used to estimate more objectively the changes in volume uptake with age. This was done because growth in broilers is mainly the result of muscle development. Based on the AIC, the statistical analysis showed that the metabolic weight did not contribute additionally (P = 0.16) to the model besides week and day at this point.
Experiment 2. The Conditioned Cloacal Uptake of Fluorescein-Labeled Polystyrene Beads
In all 6 chickens, most beads were found in the bursal lumen and a few were noted in the follicular tissue, suggesting the active uptake of beads by the tuft cells of the bursa follicles (Figure 3) . The median number of beads found in the follicular tissue of the bursa of Fabricius was 5 (range 3 to 38) per tissue section. In the intestine, most beads were also found in the lumen and some in the lumen between the crypts. Polystyrene beads were never found intramurally (Figure 4) . Some beads were observed at the outer border of the tissue section of both the bursa of Fabricius and the intestine. The median number of beads found at the periphery of a tissue section of the bursa of Fabricius was 8 (range 3 to 30). Similar counts were found at the periphery of tissue sections of the intestine.
The median number and range of beads found in the lumen of the intestine and the bursa of Fabricius are given in Table 3 . In Figure 5 , the number of beads per milliliter of intestinal and bursal content calculated for tissue sections with a sufficient number of fluoresceinlabeled beads is shown. Negative Control. Only a few beads were noted at the periphery of 3 slides of the intestine. The beads were only observed at the site of entry of the cryostat blade in the tissue sample. After cleaning the blade before cutting tissue samples, the polystyrene beads were no longer found.
In the lumina of the intestines and bursa of Fabricius sections, various fluorescent materials were found. Nevertheless, these materials were clearly distinguishable from the fluorescein-labeled polystyrene beads.
Positive Control. Fluorescein-labeled polystyrene beads were found in all tissue sections of the intestine and the bursa of Fabricius. Similar to the experimental birds, the beads were mainly found in the lumen of both organs. In contrast to the previous results, here beads were found in greater numbers between the villi and in the lumen between the crypts. No beads were found in the lymphoid tissue of the bursa of Fabricius.
At the periphery of the bursa Fabricius of the birds aged 2 wk old, 69 beads were found, whereas in the bird aged 9 wk, 18 beads were counted.
The median number and range of beads found in the various tissue samples of the positive control bird are given in Table 3 .
DISCUSSION
The experimental birds were withdrawn from feed in all experiments to avoid interference by defecation during the measurements. However, to stimulate normal intestinal peristalsis, feed was supplied to the chickens 15 min before each experiment.
Chickens of experiment 2 were withdrawn from feed and placed on a concrete floor (no wooden shavings) because starving birds will start consuming litter and excess water. If hungry birds consume litter after their intestine has emptied and the litter displaces the last feed in the gizzard during the feed withdrawal, peristalsis may be lost before the last feces are excreted. These feces will be retained in the lower intestine for 8 to 10 h (Savage, 1998) and may interfere with cloacal uptake once access to feed is provided again. 1 Volume uptake (mL) of wk 3 divided by volume uptake of wk 1. At the end of each experiment, before killing the birds, they were injected in the vena ulnaris with Buscopan compositum with the purpose to inhibit intestinal contractions and loss of fluid containing fluorescein-labeled polystyrene beads. The 15-min period was chosen based on previous studies suggesting uptake of colloidal carbon by the bursa of Fabricius within 15 min (Sorvari et al., 1975) and because spontaneous defecation was observed in experimental birds 15 min after regaining access to the feed.
Fluorescent particles in the chicken food were noted in the intestinal lumen of negative control birds; however, they could easily be differentiated from the fluorescein-labeled polystyrene beads in the present study. In several tissue sections, polystyrene beads were observed at the periphery of the sample. Their occurrence at the entry site in the sample of the cryostat blade suggested contamination of the blade. Indeed, after cleaning the blade, these beads had almost disappeared completely.
The sex of the birds, which influences the BW, has not been given because it was not considered relevant as based on the AIC. The statistical analysis showed that the metabolic weight did not contribute additionally to the model besides week and day. 
Experiment 1. Quantitative Study on the Number of Cloacal Reflexes and the Volume Uptake of Physiological Salt Solution
Bursa growth studies have revealed a rapid growth of this organ from hatch to 3 or 4 wk of age, reaching a plateau for the next 5 or 6 wk and regression occurring before sexual maturity reflecting the course of immunological activity (Glick, 2000) . The cloacal reflex is thought to be crucial in priming B lymphocytes with antigens from chicken environment (Sorvari et al., 1975) , which is especially important in the younger fowl. It would therefore be expected that the number of reflexes be more frequent in young growing chickens. Some fluctuations in the number of cloacal reflexes with time were found; however, an increase in the number of reflexes with increasing age (up to 9 wk of age) was not encountered. A decrease in the number of cloacal reflexes was not expected and found, either, because the birds at the end of the experiments had not reached the age where regression of the bursa of Fabricius occurs. Knowledge on the progression of cloacal reflexes after 9 wk can only be obtained if similar studies are performed during a longer time span, ideally until sexual maturity and preferably using a slower-growing broiler chicken breed to avoid necessary feed restrictions, which may influence intestinal peristaltism and possibly the cloacal reflexes. Also, in sexually mature birds, a possible relation between the cloacal reflex and transport of sperm could be the subject of investigation.
The volume uptake by the cloacal reflex increased steadily with age until a plateau was reached which was expected because a bigger chicken will have a bigger cloaca and subsequently take up a larger volume per reflex movement of the cloacal lips.
Experiment 2. The Conditioned Cloacal Uptake of Fluorescein-Labeled Polystyrene Beads
All tissue sections of the bursa of Fabricius harbored fluorescein-labeled polystyrene beads in sufficient numbers to allow calculation of the average number of beads per grid and thereafter calculate the number of beads per milliliter of bursal content. In contrast, for tissue samples of the rectum, cecum, and ileum, it was not always possible to calculate an average number of labeled beads per grid. Also, the number of beads in the bursa was always higher, suggesting a more efficient retrograde transport of beads to the bursa lumen. Although not all samples of rectum and ileum permitted calculation of an average number of beads per grid, remarkably none of the cecum samples enabled this calculation. This was unexpected because a study by Akester and others demonstrated that retrograde transport of barium sulfate from the coprodeum to the colon and cecum was prominent (Akester et al., 1967) .
Polystyrene beads were detected in the follicular tissue of the bursa of Fabricius suggesting uptake by tuft cells, but they were not found intramuraly in the intestine. These results are in contrast with those of Porter et al. (1997) , who reported that microspheres ≤2 μm are found in the epithelium and lamina propia of duodenum, ileum, cecum, cecal tonsil, and colon. A possible explanation for the difference found is that our birds were killed within 15 min after inoculation, compared with 1 h in the study of Porter et al. (1997) .
The results of experiment 2 show that calculating the number of labeled polystyrene beads per milliliter of intestinal and bursal content using the present methods gives a good impression about the retrograde flow of beads after cloacal instillation.
The present study shows that cloacal reflexes, which are fairly steady in number (median number of reflexes per 30 s in weekly periods varied from 35 to 47), represent an efficient mechanism for the uptake of quantifiable and with age increasing amounts of liquid (median volume uptake per 30 s: 0.10 mL at wk 1 up to 1.10 mL at wk 9). Moreover, the localization of fluoresceinlabeled polystyrene beads indicates that the imbibed liquid is mainly diverted toward the bursa of Fabricius and the rectum. The generated data may prove useful for experimental studies in which pathogens or antigens, or both, should be administrated through the cloacal route. They may also form the basis for future research aiming at studying the spontaneous uptake of pathogens, antigens, or tracer materials, or all three.
